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ABSTRACT: 
In this paper we study the ability of Surface-Enhanced Optical Techniques (Raman, IR and 
fluorescence) in the detection of pollutants such as polycyclic aromatic hydrocarbon. We have 
combined the optoelectronic properties of nanostructured coinable metals, leading to a remarkable 
sensitivity enhancement, and the selectivity imposed by a host molecule functionalization of the 
metal substrate. Host molecules of different nature and origin were tested in relation to their 
ability to interact with PAHs: synthetic and natural. The information resulting from this study can 
be applied in the design of chemical sensors for the detection of these important pollutants. 
Keywords: Surface-Enhanced, SERS, Surface Functionalization, Chemical Sensor, PAHs. 
RESUMEN: 
En este trabajo se estudia la capacidad de las técnicas espectroscópicas ópticas (Raman, IR y 
fluorescencia) en la detección de contaminantes como los hidrocarburos policíclicos aromáticos. 
Hemos combinado las propiedades optoelectrónicas de metales nanoestructurados acuñables, en 
los que la sensibilidad es enormemente incrementada, y la selectividad proporcionada por las 
moléculas receptoras con las que se funcionaliza el sustrato metálico. Para ello se han utilizado 
moléculas receptoras de naturaleza diferente (sintéticos y naturales) capaces de interaccionar con 
hidrocarburos policíclicos aromáticos. La información derivada de este trabajo podrá ser utilizada 
en el diseño de sensores químicos para la detección de estos importantes contaminantes 
ambientales. 
Palabras clave: Intensificación por Superficies, SERS, Funcionalización de Superficies, 
Sensores Químicos, Hidrocarburos Policíclicos Aromáticos
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1. Introduction 
Surface-Enhanced Optical Spectroscopies (SEOS) 
are based on the special optoelectronic properties of 
nanostructured metal surfaces mainly consisting in 
the huge intensification of the electromagnetic field 
due to the metal plasmon resonance occurring on 
nanoscopic metal particle [1]. This effect has 
interesting applications in spectroscopy, as a 
molecule adsorbed onto the metal nanoparticle will 
“see” a much more intense electromagnetic field 
than in the absence of metal. The spectroscopic 
signal enhancement depends on the materials 
(adsorbate, metal and medium) but also on the 
studied physical process: Raman scattering, 
fluorescence emission or IR absorption. Among the 
spectroscopic signals, the surface-enhanced Raman 
scattering (SERS) is the most intensified by means 
of the nanostructured metal. In fact the enhancement 
of the Raman signal could be 106-1012-fold 
intensified. In Fig. 1 the Raman cross section 
improvement is compared to that of surface-
enhanced IR absorption (SEIRA) absorption and 
Surface-enhanced fluorescence (SEF) emission.  
The reason why Raman scattering is much more 
enhanced on metal nanostructures is twofold: a) 
Raman is an emission signal, thus undergoing a 
double intensification of both the incident and 
scattered radiations, and b) the resonance effect 
induced on the adsorbate by the presence of the 
metal surface. These two reasons determines the two 
mechanism leading to the surface-enhancement 
process in Raman: a) electromagnetic mechanism 
(EM); and b) Charge-transfer mechanism (CT) [2,3]. 
The EM mechanism is related to the metal nature 
and morphology, and, since this mechanism is the 
most important as concerns the overall enhancement 
factor, much attention was devoted in the last years 
to the preparation of more active nanostructured 
metals. The CT mechanism depends on the 
adsorbate nature and is related to the interaction 
strength with the metal.  
Both the EM and the CT are possible only when 
the adsorbate is in a close proximity to the surface. 
This makes the nature of the adsorbate an important 
condition to work with SERS. Adsorbates can be 
classified into three main groups according to their 
SEOS activity and the adsorption mechanism on the 
metal surface: a) chemisorbed or physisorbed 
adsorbates; b) non active molecules which cannot be 
adsorbed onto the metal; and c) molecules which are 
so strongly adsorbed that undergo a chemical 
degradation on the metal. The first group of 
molecules is preferred over the others, due to the 
fact that the molecular integrity of the adsorbate is 
preserved. 
The other system to be considered in relation to 
the effectiveness of surface-enhanced spectroscopic 
techniques is the interface between the metal surface 
and the surrounding medium. The nature of the 
interface determines the accessibility of the 
adsorbate to the surface. Firstly, it is necessary a 
diffusion of the molecule to the surface and, then, 
the interaction with the metal, directly or through 
ionic interactions due to the presence of ions. 
Therefore, an appropriate modification of the surface 
could lead to the variation of the affinity of the 
molecules to the surface, and its stability, thus 
determining the detection ability of SEOS 
techniques. This modification can also avoid 
possible catalytic degradation on the surface. This 
surface modification can be done with molecules or 
ions which must show a twofold chemical 
functionalization, with chemical groups capable to 
interact with the metal, and other molecular groups 
exposed to the exterior, capable to attach the ligand 
under study. 
 
Fig. 1. Spectroscopic signal gain (expressed in terms of 
cross-section) observed in absence and presence of metal 
nanoparticles in fluorescence, IR absorption and Raman 
scattering. 
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2. Nanostructured metal 
functionalization with synthetic hosts 
Metal functionalization with host molecules is a 
useful strategy in the preparation of advanced 
materials combining the optoelectronic properties of 
the metallic substrate with the molecular selectivity 
of the covering host [4]. In the preparation of these 
kinds of mixed materials, we have paid much 
attention to the synthetic hosts calixarenes, 
nanotubes and to cations bearing two quaternary 
nitrogen groups such as lucigenin, diquat and 
paraquat (Fig. 2). 
In our functionalization studies, we have centred 
our attention on the detection and vibrational 
characterization of PAHs. This is a family of 
different chemical compounds with a condensed 
multibenzene structure. PAHs are important 
environmental pollutants formed during the 
incomplete burning of coal, oil and gas, or other 
organic substances like tobacco or charbroiled meat 
[5]. PAHs can be found as a mixture of different 
related molecular compounds in air, soil and water 
due to both natural processes and the human activity. 
Because many of them have been reported to be 
strong carcinogens [6-8] it is important to find an 
effective and selective method to detect them. 
 
 
 
Fig. 2. Structure of 25,27-dicarboetoxy-26,28-dihidroxy-p-
tert-butylcalix[4]arene host molecule (DCEC) (a) and 
Lucigenin (b). 
 
 
Fig. 3. Host assembly on the Ag surface and interaction with pyrene of DCEC (a) and Lucigenin (b). 
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We have found that calixarene host can be 
successfully used in the molecular recognition of 
PAHs by SERS. Calixarenes are a class of synthetic 
cyclooligomers formed via a phenol-formaldehyde 
condensation. They exist in a “cup” like shape with 
a defined upper and lower rim and a central annulus 
(see Fig. 2a). Calixarenes have interesting 
applications as host molecules as a result of their 
preformed cavities [9]. By changing the chemical 
groups of the upper and/or lower rim it is possible to 
prepare derivatives displaying different selectivities 
to bind a large list of guest ions and molecules. 
Adsorption and self-assembled monolayer formation 
of calixarenes is a prerequisite for the application of 
calixarenes in sensor devices [10,11]. In previous 
works we have studied the adsorption and 
organization of calixarene molecules on metal 
surfaces, where charge-transfer phenomena can take 
place with interest for optical sensing [12-14].  
Ester calixarenes (Fig. 3) can be successfully used 
in the detection of PAHs at trace concentrations by 
means of SERS spectroscopy on different substrates: 
Ag metal colloidal suspensions and nanoparticle 
immobilized films [12-14]. The calixarene host 
molecule adsorbed onto the metal surface captures 
the PAH molecule close enough to the surface for 
the SERS detection. 
A similar strategy was followed for molecules 
bearing positively charged quaternary nitrogen 
(quats) and an aromatic moiety (Fig. 2b). Quat 
molecules are tightly attached to the surface via a 
ionic pair formation with addition of chloride ions 
(Fig. 3b) [15], and can interact with aromatic ligands 
such as pyrene. With this kind of functionalization 
concentration of PAHs as low as 10-9 M could be 
detected. 
Carbon nanotubes (NT) composites represent a 
potentially significant advance in the field of 
preconcentration and analytical separations due to 
their high surface area and high thermal 
conductivity. These two characteristics suggest in 
particular that carbon nanotube composites could be 
used as preconcentrators to facilitate contaminants 
trace detection. The high surface area of carbon 
nanotubes allows an effective miniaturization of the 
preconcentrators, while high thermal conductivity 
leads to their fast cycling.  
In general, aromatic compounds such as 
anthracene, pyrene and phthalocyanine derivatives 
interact with the graphitic walls of nanotubes [16]. 
Stacking of polycyclic aromatic hydrocarbons 
(PAHs) on nanotubes is a viable approach to 
functionalize carbon nanotubes through non covalent 
bonding. This procedure has been employed to 
immobilize chemical and biochemical molecules on 
NTs [17-19]. Single-walled carbon nanotubes 
(SWNT) can be used as molecular assemblers 
between a silver colloid surface and the analyte 
pyrene, due to their twofold ability to strongly 
interact with both the metal surface [20] and PAHs 
In fact the SERS spectroscopy allowed the 
detection of pyrene at concentrations in the limits of 
10-9 M [21]. The SERS spectral analysis indicates 
that the pyrene-nanotube interaction occurs through 
a π-π stacking. The interaction mechanism involves 
a charge transfer from the Ag metal surface to the 
pyrene-nanotube complex. 
The analysis of the SERS of pyrene (Fig. 4b and 
c) shows marked changes in both the intensity of 
bands and the peak positions in comparison to the 
Raman of the solid pyrene (Fig. 4a). These changes 
are much stronger at the lowest concentration (10-9 
M) (Fig. 4b). Another surface effect observed on 
these surfaces is a general broadening of bands 
suggesting the existence of a charge transfer 
between the analyte and the nanotube/metal system, 
which stabilizes the nanotube-pyrene interaction. 
 
 
Fig. 4. a) Micro-Raman spectrum of solid pyrene and b) 
and c) micro-SERRS spectra of pyrene onto a 
nanotube/silver surface at two concentrations and d) 
micro-SERRS spectrum of NT. All in the 1000-1700 cm-1 
spectral region and exciting at 514.5 nm. Up: Interaction 
mechanism between NT and pyrene 
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3. Nanostructured metal 
functionalization with natural hosts 
Natural molecules such as nucleic acids, proteins 
and humic substances (HS) acids can be also 
employed as host molecules in the surface 
functionalization of metal NPs. Since these 
molecules are the natural targets of many pollutants, 
we have used them as host linkers in order to reach a 
twofold objective: the pollutant detection and the 
study of the interaction with these natural targets 
leading to interesting information about the 
interaction mechanism of pollutants with natural 
targets. 
In recent years SERS technique has been 
extensively applied to characterize HS [22-23]. 
SERS spectra can afford important structural 
information about the content of aromatic and 
aliphatic groups depending on factors such as the 
humification degree [24], soil amendment protocol 
[25] and HS extraction fractions [26]. In fact, the 
SERS technique was recently recognized as an 
useful characterization technique in the analysis of 
HS [27,28]. 
Figure 5 shows the SERS spectra of chrysene and 
pyrene in the complex with humic acids obtained 
according to ref. 25. The intense SERS bands 
observed at a PAH concentration of 10-6 M is a clear 
 
Fig. 5. Up: Scheme of the interaction occurring between pyrene and a humic acid. Down: SERS spectra of chrysene 
(left) and pyrene (rigth) at concentrations 10-6 M in the complex with the humic acid compared to the Raman of the 
solid. Excitation at 514.5 nm 
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hint of the interaction of the PAH compound with 
humic acids. The remarkable changes undergone by 
pyrene in the presence of the host, indicates that the 
interaction with the humic acid is stronger than those 
deduced for calixarenes and nanotubes. 
 
4. Complementariety of surface 
spectroscopic techniques 
4.1 Surface-enhanced fluorescence and Raman 
scattering of humic acids 
The spectra registered by CCD detectors usually 
available in Raman spectrophotometers are actually 
a combination of molecular Raman and fluorescence 
emissions which afford a twofold information. In 
normal Raman spectroscopy the larger fluorescence 
cross section makes impossible the registration of a 
Raman spectrum from highly fluorescent molecules 
such as HAs. But when these molecules are 
adsorbed on metal nanostructures the metal surfaces 
equilibrates the Raman scattering and the 
fluorescence emission by increasing the Raman 
scattering cross section to values which are similar 
to those of the fluorescence. This is possible because 
the Raman emission does not undergo a quenching 
in the vicinity of the metal surface. The result is a 
combined emission composed by SERS and SEF 
(SERS+SEF), as shown in Fig. 6, where the Raman 
one has an comparable intensity to that of 
fluorescence. This combined technique could be a 
powerful instrument in the structural and dynamical 
characterization of humic substances, which has 
provided interesting structural information about HS 
on varying the pH and when interacting with 
pesticides. 
4.2 SERS and SEIRA combined study of 
calix[4]arene/pyrene complex 
SERS and SEIRA are also complementary 
techniques which can be applied in the study of 
complex systems such as the host/ligand studied in 
this work, as explained in Fig. 7. In fact, a different 
information on the DCEC/pyrene complex can be 
obtained: SERS spectra are mainly dominated by the 
pyrene bands. Thus, SERS can be used to follow the 
changes occurring in the PAHs as a consequence of 
the interaction with the calixarene host and for 
detection purposes. 
In contrast, SEIR spectra display more intense 
bands corresponding to the more polar groups 
existing in the calixarene host molecule, while only 
a weak pyrene band is observed at 840 cm-1. Thus, 
SEIR seems to be more appropriate to follow 
structural changes occurring in the host due to the 
adsorption and the complexation with the analyte 
and to found a structute/selectvity relationship. 
 
Fig. 6. Effect of Ag surface on the Raman scattering and 
fluorescence enhanced emission of a humic acid 
(corresponding to C30 sample described in ref. 25) in 
comparison to the Raman of the solution in absence of Ag 
nanoparticles, where the spectrum is dominated by water 
signals. 
 
 
Fig. 7. Up: SERS spectrum of DCEC/pyrene complex (b) 
in comparison to the normal Raman spectra of solid 
DCEC (a) and solid pyrene (c). Bottom: SEIRA spectrum 
of DCEC/pyrene complex (b) in comparison to the IR 
absorption spectra of DCEC (a) and pyrene in KBr. The 
substrate used to record the SERS and SEIRA spectra was 
Au deposited on CaF2. 
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